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We study the binding pattern of the amino acid alanine on the naturally chiral Pt surfaces
Pt(531), Pt(321) and Pt(643). These surfaces are all vicinal to the {111} direction but have different
local environments of their kink sites and are thus a model for realistic roughened Pt surfaces.
Alanine has only a single methyl group attached to its chiral center, which makes the number
of possible binding conformations computationally tractable. Additionally, only the amine and
carboxyl group are expected to interact strongly with the Pt substrate. On Pt(531) we study the
molecule in its pristine as well as its deprotonated form and find that the deprotonated one is
more stable by 0.39 eV. Therefore, we study the molecule in its deprotonated form on Pt(321)
and Pt(643). As expected, the oxygen and nitrogen atoms of the deprotonated molecule provide
a local binding ”tripod” and the most stable adsorption configurations optimize the interaction of
this ”tripod” with undercoordinated surface atoms. However, the interaction of the methyl group
plays an important role: it induces significant chiral selectivity of about 60 meV on all surfaces.
Hereby, the L-enantiomer adsorbs preferentially to the Pt(321)S and Pt(643)S surfaces while the
D-enantiomer is more stable on Pt(531)S . The binding energies increase with increasing surface
density of kink sites, i.e. they are largest for Pt(531)S and smallest for Pt(643)S .
PACS numbers: 68.43.Bc, 68.43.Fg, 73.20.At, 88.20.rb
I. INTRODUCTION
Almost all biological molecules (proteins, DNA, RNA,
sugars and peptides) cannot be superimposed with their
mirror image – they are chiral. From general physi-
cal consideration one expects that left- and right-handed
molecules should play the same role in biochemistry, and
for some unknown and hotly debated reason our life is
homochiral.[1] It has been suggested, that homochirality
of chiral molecules in the prebiotic environment was a
result of symmetry breaking by the absorption on natu-
rally chiral mineral surfaces.[2, 3] The two mirror images,
called enantiomers, interact differently with other chiral
molecules as a result of their different geometry.[4] Conse-
quently, the control over molecular chirality is important
for drug molecules that are designed to interact only with
certain biomolecules while minimizing interactions with
others to avoid unwanted side effects.[5] This has sparked
a huge interest in studies of chiral systems to understand
the basics of chirally specific interactions that can then
be employed to produce enantiopure molecules. Different
possibilities exist towards this end, the most industrially
relevant being the synthesis via homogenous catalyis.[6]
Other possibilities are the separation of the enantiomers
after synthesis or the use of heterogeneous catalysis.[5, 7]
The latter is mostly done on surfaces rendered chiral by
chiral adsorbates.[7–14] However, also simple metal crys-
tals can be intrinsically chiral when they are cut in cer-
∗College of Science, Technology and Engineering, James Cook Uni-
versity,Townsville, QLD, 4811, Australia
tain ways.[15, 16] The interaction of chiral molecules with
these surfaces can be studied by surface science and com-
putational methods to gain a fundamental understanding
of enantioselectivity.[17–32]
Among the most widely studied chiral systems are sim-
ple amino acids on naturally chiral metal surfaces.[20,
28, 29, 32–36] A lot of experimental and computa-
tional studies were dedicated to amino acids on Cu
surfaces,[20, 28, 32–34, 36–46] but also on Pd, Pt and
Au surfaces.[28, 44, 46–50] On Cu it was found that the
carboxyl group of amino acids is deprotonated and the
molecule adsorbs on most surfaces in a ”tridentate” fash-
ion, i.e. with the two oxygen atoms of the carboxyl group
and the nitrogen atom from the amine group binding
to the substrate. For alaninate on Cu(531) this bind-
ing tripod adsorbs on {311} and {110} microfacets of
the surface with different probabilities for each bind-
ing pattern for the two enantiomers and enantioselec-
tive adsorption energies.[43] On Cu(421) enantioselectiv-
ities are smaller, but adsorption geometries and decom-
position products are chirally selective.[34] On Cu(643)
Density Functional Theory (DFT) calculations show that
alaninate binds with the nitrogen group to kink atoms
and with the carboxyl group to the corresponding ridge
and no significant enantioselectivity is found.[33] On
Cu(3,1,17) experiments and calculations show again no
enantioselectivity.[36] On Au surfaces, mostly cysteine
was studied that interacts strongly through its sulfur con-
taining side-group and exhibits significant enantioselec-
tivity on Au(17 11 9).[35]
On Pd surfaces, experiments indicate that alanine ad-
sorbs in its zwitterionic and deprotonated form while
DFT calculations indicate that deprotonated molecules
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2FIG. 1: The most stable configurations of pristine L-alanine (a) and D-alanine (b) on Pt(531)S .
are more stable.[44, 47] The difference between calcula-
tions and experiment can be explained by the neglected
influence of molecule-molecule interactions in the calcu-
lations that stabilize the zwitterionic form.[46, 47] On
Pt, experiments also show the presence of zwitterionic
molecules, while DFT calculations show that the pris-
tine state of the similar amino acid glycine would be the
most stable, 0.24 eV more stable than the deprotonated
form.[46] In line with these calculations, recent exper-
iments show that glycine adsorbs in its pristine form
on Pt(111) at low coverages, showing that, similar to
Pd(111) surfaces the molecule-molecule interaction sta-
bilizes the zwitterionic form.[46, 51] In the present paper,
we concern ourselves with low-coverage adsorption where
molecule-molecule interaction is negligible.
Herein we present calculations of alanine on naturally
chiral Pt surfaces vicinal to the {111} direction, Pt(531),
Pt(321) and Pt(643). On Pt(531) we study the molecule
in its pristine and deprotonated form and establish that
the deprotonated form is more stable by 0.39 eV, in con-
trast to glycine on Pt(111) where the pristine molecule
was found to be more stable.[46]. Entropy gains by des-
orption of molecular hydrogen should further favor the
adsorption of deprotonated molecules.[52] Therefore we
continue to study the molecule in its deprotonated form
on Pt(321) and Pt(643). We find that the binding en-
ergy of the deprotonated molecule is larger on Pt(531)
then on Pt(321) and Pt(643). The calculated chiral se-
lectivity amounts to about 60 meV for all surfaces with a
preference of D-alaninate on the S surfaces of Pt(321) and
Pt(643). Contrary to these results, L-alaninate is found
to be more stable on Pt(531)S . The trend in binding en-
ergy can be understood by the binding motives exhibited
by the alaninate molecule on the studied surfaces. In
its most stable configurations, the molecule adsorbs with
the two oxygen atoms of the carboxyl group and the ni-
trogen atom of the amine group to undercoordinated Pt
atoms. On Pt(643) only one of the three binding sites can
bind to a kink atom, with the other two binding to ridge
atoms. On Pt(321) and Pt(531) two of the three atoms
bind to kink atoms. On Pt(531) the (111) terraces are
sufficiently small to be bridged by the molecule, which
better accomodates the methyl group and thus leads to
higher binding energies. When looking at the two most
stable configurations for both enantiomers, an interesting
pattern arises: all 4 configurations can be constructed by
two binding patterns for the oxygen and nitrogen atoms
and the exchange of the methyl group with the hydrogen
atom on the chiral center. Thus, there is a competition
between an optimal positioning of the methyl group and
the optimal position for the binding tripod. On Pt(531)
and Pt(321), the positioning of the binding tripod domi-
nates as it is the same for the most stable configurations,
while on Pt(643) the positioning of the methyl group is
more important.
The paper is organized as follows. In section II we out-
line the computational method used in our simulations.
In section III we describe the results obtained for alanine
and alaninate on Pt(531), while the results for alaninate
on Pt(321) and Pt(643) are presented in Section IV and
V, respectively. Section VI concludes the paper.
II. COMPUTATIONAL DETAILS
We obtained our results with the DFT code VASP
5.3.2[53–55] using the oPBE-vdW functional[56, 57]. We
opted for this functional as van der Waals interactions
were found to be important for the correct description
of weakly bound molecules on surfaces.[58–60] The Pro-
jector Augmented Wave method[61, 62] was employed
with an energy cutoff of 400 eV. Structural relaxations
were stopped when all forces were smaller than 10 meV/A˚
with wavefunctions converged to energy changes between
successive steps smaller than 10−5 eV. For all slab cal-
culations dipole corrections to the potential are applied
throughout.[63]
The (643), (321) and (531) surfaces were constructed
with a thickness of 56, 28 and 16 layers of (643), (321)
and (531) orientation, respectively. The molecule was ad-
3FIG. 2: Alaninate adsorbed on Pt(531)S . The most stable (a,b) and second most stable configurations (c,d) are given for
L-alaninate (a,c) and D-alaninate (b,d).
sorbed on (2x1), (2x2) and (3x3) supercells of the (643),
(321) and (531) surfaces on one side of the slab that cor-
responds to the S chirality of the surface.[18, 21] For all
surfaces the upper half of the slab was allowed to re-
lax as were all atoms of the molecule. The K-mesh em-
ployed was 3x3x1 for all surfaces and a Gaussian broad-
ening of 0.1 eV was used to facilitate convergence. Ad-
sorption energies Eadsorption are given with reference to
the isolated surface Esurface relaxed upon removing the
molecule from the unit cell using identical computational
parameters and the energy of the molecule Emolecule
Eadsorption = Emol on surface−Esurface−Emolecule. (1)
To compare the energies of the adsorbed pristine
molecule with its deprotonated form on Pt(531), we in-
troduce an additional hydrogen atom on a kink site away
from the deprotonated molecule. The kink site was found
to be the most stable adsorption site of hydrogen on
Pt(531).
To better understand the origins of the observed bind-
ing patterns we calculate the contributions to the bind-
ing energy of each chemical group attached to the chiral
center.[29] To this end we cut away all other components
of the molecule, freeze all atoms and saturate the dan-
gling bond with an additional hydrogen atom that is free
to relax. Moreover, we calculate the energy of this frozen
molecular species in vacuum with the extra hydrogen
again free to relax and the frozen substrate separately.
The adsorption energy of the molecular fragment is then
calculated as
Eadsorption of fragment = Efragment on surface
− Efrozen surface
− Efrozen fragment. (2)
Lastly, we calculate the deformation energy of the sub-
strate and the molecule as the energy difference between
its frozen and relaxed state.
III. ALANINE ON PT(531)
The (531) surface is similar to the (321) surface in
the structure of its step edges, albeit with smaller ter-
race sizes. The terraces are sufficiently small so that
4FIG. 3: Alaninate adsorbed on Pt(321)S . The most stable (a,b) and second most stable configurations (c,d) are given for
L-alaninate (a,c) and D-alaninate (b,d).
the molecule can bridge them on this surface. The ala-
nine molecule can adsorb in different forms, depending on
the position of the proton of the carboxyl group. When
bound to one of the two oxygen atoms, the molecule is in
its pristine form. However, in our calculations we need
to differentiate between the two oxygen atoms the pro-
ton might bind to, as well as its direction, pointing ei-
ther away or towards the other molecular side groups.
This gives us four configurations we need to calculate for
the pristine molecule. These molecular configurations
are then adsorbed with either their amine or carboxyl
group above a kink atom and rotated in steps of 30 de-
grees to find the most stable adsorption configuration.
We also calculate some zwitterionic adsorption config-
urations that we find to be significantly less stable by
about 0.4 eV. For all deprotonated (alaninate) adsorp-
tion configurations on all surfaces studied, the most sta-
ble conformation is found by putting the molecule with
either its nitrogen or oxygen atoms over a kink atom and
rotating the molecule around this binding site.
First, we identify the most stable configurations of ala-
nine on Pt(531). For both enantiomers, the most stable
configurations bridge the terrace and bind with the ni-
trogen and the hydrogen-free oxygen atom to kink sites.
For both configurations the methyl group is close to the
surface (cf. Fig. 1). Binding energies are similar with a
slight preference for D-alanine on Pt(531)S of 12 meV.
Similar to alanine, terrace bridging conformations are
found to be most stable for alaninate on Pt(531). As a
result, on Pt(531)S alaninate is bound to two kink atoms
and one ridge atom of neighboring (111) terraces (cf. Fig.
2). The adsorption energies of alaninate are much lower
than the adsorption energies of pristine alanine. The
largest part of this difference is due to the deprotonation
energy, i.e. the energy cost of removing the proton from
the pristine molecule and forming H2 in vacuum, which
we calculate as 1.92 eV for alanine. The dissociative ad-
sorption of H2 on Pt(531) gives an adsorption energy of
-0.43 eV per proton, which reduces the deprotonation
energy on the surface to 1.49 eV.
For alaninate on Pt(531), the binding tripod is the
same for the most stable configurations of both enan-
tiomers. Correspondingly, the energy differences be-
tween configurations with the same binding tripod pat-
tern are smaller (0.06 eV and 0.04 eV) then the differ-
ences between configurations with different tripod bind-
ing pattern and the same methyl group configuration
(0.11 eV and 0.09 eV). The most stable configuration is
5FIG. 4: Alaninate adsorbed on Pt(643)S . The most stable (a,b) and second most stable configurations (c,d) are given for
L-alaninate (a,c) and D-alaninate (b,d).
L-alaninate on Pt(531)S and the surface exhibits a chi-
ral selectivity of 0.06 eV. The optimized binding of the
tripod can be rationalized by the analysis of the binding
energy components. The carboxyl and amine groups are
bound more strongly by 0.03 eV and 0.08 eV for the most
stable configurations when compared to the second most
stable ones (cf. Tab. I). The methyl group adsorption
energy is 0.1 eV lower for the D1 configuration than for
L1 thus providing the biggest difference between the two
configurations binding energy components and leading to
the calculated significant chiral selectivity.
IV. ALANINATE ON PT(321)
On Pt(321)S the terrace size is larger than on Pt(531)
so that the molecule can no longer bridge the terrace.
The distance between the kink atoms on one ridge is the
same so that the molecule can bind to two kink (three-
fold undercoordinated) and one singly undercoordinated
atom of the same (111) terrace. Accordingly, adsorption
configurations that were already found on Pt(531), but
were higher in adsorption energy are the most stable on
Pt(321)(cf. Fig. 3).
Here, the energy differences between configurations
with the same positioning of the methyl group (Fig. 3
(a)-(d) and (b)-(c)) is 0.09 eV. The energy differences
between the configurations with the same binding tripod
position is 0.05 eV. As a result, the binding tripod po-
sition is the same for the most stable configurations of
both enantiomers similar to adsorption on Pt(531). The
position of the tripod as well as the methyl group is both
optimal in the case of D-alaninate, which is 0.04 eV more
stable on Pt(321)S than on Pt(643)S and 0.34 eV less
stable than L-alaninate on Pt(531)S . The (321) surface
shows chiral selectivity of 0.05 eV. The sum of the ad-
sorption energies for the carboxyl and amine groups are
lower for the most stable configurations (L1 and D1) of
both enantiomers on Pt(321) than for the second most
stable ones (L2 and D2). The adsorption energies of the
methyl group are lower for D1 and L2 than for D2 and
L1, which shows that the former configurations are opti-
mized on the surface, corresponding well to the interpre-
tation derived from the total adsorption energies above.
Put another way, the difference in interaction energies
of the methyl group for the most stable configuration of
each enantiomer leads to the calculated chiral selectivity,
similar to alaninate on Pt(531).
6TABLE I: Adsorption energy component analysis for all alaninate surface configurations. Adsorption energies of hydrogen
saturated CH3, NH2 and COO groups in the frozen adsorption geometries and deformation energies of the substrate and
molecule are calculated. The sum of the binding energy components considered is comparable to the total binding energy,
showing that the binding energy decomposition is roughly correct in the systems at hand (cf. Fig. 2 - 4). The most stable and
second most stable configurations of the L-enantiomer are labelled L1 and L2, respectively.
alaninate on deformation energy (eV) adsorption energy (eV) sum of components (eV)
surface molecule CH3 group NH2 group COO group
L1 on Pt(531)S 0.15 0.65 -0.29 (-0.40) -1.60 (-0.69) -3.53 (-1.07) -4.61
L2 on Pt(531)S 0.22 0.68 -0.19 (-0.34) -1.51 (-0.65) -3.49 (-1.04) -4.30
D1 on Pt(531)S 0.15 0.67 -0.19 (-0.17) -1.60 (-0.68) -3.50 (-1.07) -4.48
D2 on Pt(531)S 0.22 0.69 -0.13 (-0.13) -1.52 (-0.65) -3.47 (-1.05) -4.20
L1 on Pt(321)S 0.16 0.48 -0.13 (-0.14) -1.36 (-0.61) -2.97 (-0.99) -3.82
L2 on Pt(321)S 0.24 0.49 -0.25 (-0.41) -1.39 (-0.61) -2.87 (-0.35) -3.78
D1 on Pt(321)S 0.16 0.49 -0.22 (-0.39) -1.35 (-0.61) -3.00 (-0.98) -3.92
D2 on Pt(321)S 0.24 0.48 -0.14 (-0.15) -1.43 (-0.63) -2.79 (-0.96) -3.64
L1 on Pt(643)S 0.24 0.65 -0.18 (-0.39) -1.35 (-0.58) -3.04 (-0.95) -3.69
L2 on Pt(643)S 0.16 0.70 -0.13 (-0.14) -1.27 (-0.66) -3.23 (-0.98) -3.77
D1 on Pt(643)S 0.17 0.68 -0.24 (-0.42) -1.27 (-0.66) -3.26 (-0.97) -3.93
D2 on Pt(643)S 0.22 0.67 -0.09 (-0.14) -1.41 (-0.61) -2.98 (-0.97) -3.58
V. ALANINATE ON PT(643)
The Pt(643) surface has a longer ridge when com-
pared to Pt(321) that prevents the molecule from bind-
ing to two kink atoms at the same time. As a result the
molecule is bound to one three-fold, one two-fold and one
singly undercoordinated surface atom of the same (111)
terrace. The most stable configurations of both enan-
tiomers exhibit a methyl group lying flat on the surface,
while it is oriented more along the surface normal for the
second most stable configurations.
The binding tripod has two binding patterns with ei-
ther the nitrogen or one oxygen atom bound to the kink
atom. The geometry with nitrogen bound to the kink
atom is less stable, which can be inferred from the com-
parison of the binding energies of the most stable con-
figurations (cf. Fig. 4(a, b)). The energy differences
between configurations with the same positioning of the
methyl group is 0.06 eV and 0.04 eV for the most stable
and second-most stable configurations, respectively. The
energy differences for the same binding tripod amount to
0.06 eV and 0.08 eV. Thus, the positioning of the methyl
group is slightly more important than the positioning of
the binding tripod on Pt(643). On Pt(643)S , D-alaninate
optimizes both interactions at the same time with a chiral
selectivity of 0.06 eV. Again, the adsorption energy com-
ponent analysis supports these findings. The adsorption
energy of the methyl group is lower for the configura-
tions L1 and D1 while the carboxyl and amine groups
are bound more strongly for L2 and D1, thus making D1
the overall preferred configuration.
VI. CONCLUSION
We studied the adsorption of alanine in its deproto-
nated form on three chiral Pt surfaces vicinal to the 111
direction. On one of the surfaces, Pt(531), we also calcu-
lated the adsorption of pristine and zwitterionic molec-
ular species, finding that they are less stable than the
deprotonated species. For alaninate we found that the
molecule interacts with the different surfaces via the oxy-
gen and nitrogen atoms of the molecule. An additional
interaction, important for the chiral selectivity, is then
the interaction of the methyl group with the surface.
On Pt(643) and Pt(321) the molecule is bound to kinks
on a single ridge. On Pt(321) the distance between two
kink atoms is sufficiently large that the molecule can in-
teract with two kink atoms at the same time, while it
interacts with only one on Pt(643). On Pt(531) the sur-
face terraces are small enough so that the molecule can
interact simultaneously with kinks on two different facets.
The adsorption energies follow the trend in kink-atom
density by decreasing slightly from Pt(643) to Pt(321)
and then more sharply from Pt(321) to Pt(531).
We find that on all surfaces, the two most stable con-
figurations of each enantiomer show two distinct bind-
ing patterns of the oxygen and nitrogen atoms to the
substrate. The two most stable binding configurations
of the corresponding chiral partner differ by exchanging
the hydrogen and methyl group on the chiral center. The
two most stable adsorption configurations of both enan-
tiomers thus constitute a combination of one of the two
binding patterns of the binding tripod and one or the
other binding pattern of the methyl group. Since for each
interaction one is more stable than the other, the most
favorable combination of both interactions leads to the
preference of a certain enantiomer on each surface. On
7Pt(643)S and Pt(321)S this is the D-enantiomer, while
on Pt(531)S it turns out to be the L-enantiomer.
Our calculations show the intricacies involved in the
binding of amino acids on naturally chiral metal surfaces.
Binding motifs can vary from one specific surface facet
to the next which can also lead to a change in the sign
of the chiral selectivity. This is already the case for the
relatively simple amino acid alanine and can be traced
back to the interaction of the atoms forming the peptide
bond, i.e. this effect should be present for any (chiral)
amino acid. The multitude of interactions from more
complex side groups in amino acids other than alanine
may dramatically complicate the picture further. On a
real Pt surface, roughening will probably expose a variety
of different facets at the same time. Also, the multitude
of reactions the molecule might undergo can be expected
to depend on the exact facet the molecule interacts with.
The different binding configurations on different facets
may favor different reactions over competing processes,
as their reaction barriers depend on their exact geometry.
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